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Abstract 
In components for the automotive industry, short glass fiber-reinforced thermoplastic parts are increasingly used due to their 
potential for economical lightweight constructions, for example, by substitution of metal components. In order to guarantee the 
reliability of these components, fatigue-lifetime assessment concepts for plastic parts under complex service conditions are 
needed. The multiaxial loading fiber orientations are important factors which affect fatigue life. Therefore, different multiaxiality 
criteria, together with a new concept capturing the influence of fiber orientation on fatigue strength are proposed in this paper. 
The fiber orientation is a result of the injection molding process that leads to locally anisotropic behavior, which gives rise to 
multiaxial stress states. Anisotropic material behavior is modeled by a simulation chain consisting of injection molding 
simulations, mapping and homogenization and, finally, finite element analysis (FEA). In order to demonstrate the benefit of this 
simulation chain, results are compared with the isotropic case. Finally, a combined concept including multiaxiality and fiber 
orientation is presented and applied to fatigue experiments on unnotched specimens of polyamide 6.6 reinforced with 35wt.% 
short glass fibers. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of CETIM. 
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1. Introduction 
In order to build economical lightweight constructions short glass fiber-reinforced thermoplastics are often used 
in the automobile industry [1], where metal components are replaced by plastic parts. In order to guarantee the same 
degree of reliability as for metal components it is necessary to develop suitable fatigue lifetime estimation methods 
for short glass fiber reinforced thermoplastics. This development poses a challenging task due to the large amount of 
influencing factors on fatigue life. In particular the local fiber orientation distribution, arising from the injection 
molding process, affects the fatigue strength and interacts with other influencing factors. In addition, the local fiber 
orientation can cause complex multiaxial stress states even in case of simple loading conditions even on unnotched 
specimens. Therefore fiber orientations, and multiaxiality as well as their interactions have to be taken into account.  
In this contribution fatigue lifetime estimation approaches for unnotched specimens are discussed. Therefore the 
complete simulation chain is employed to accurately reproduce the material properties. In the first step the injection 
molding process is simulated to capture the local fiber orientation in the specimen. In order to take into account these 
fiber orientations in the finite element analysis (FEA), the information of the fiber orientation has to be transferred to 
structural FEA in a so-called called mapping step. 
In the final fatigue lifetime estimation approach local concepts based on FEA are used. In order to take into 
account the influence of multiaxiality, different criteria are investigated and compared. The influence of the fiber 
orientation is captured by a scalar fiber share value, derived from the relative orientations of the local stress and fiber 
orientation tensors. An interpolation of fiber share values considering experimental fatigue data is used for the 
lifetime estimation of inhomogeneous fiber distributions across the thickness of specimens. The validation of this 
method is carried out on different kinds of specimens with different fiber orientation distribution. 
 
Nomenclature 
a fiber orientation tensor 
E Young’s Modulus 
FO nominal fiber orientation 
fs fiber share value 
t thickness 
Kt stress concentration factor 
λ  biaxiality ratio 
N, Nexp experimental cycles to failure  
ν  Poisson’s ratio  
Ncalc estimated cycles to failure 
R load ratio 
ρ density 
S nominal stress 
Sa nominal axial stress amplitude 
σ stress tensor 
σ1,2,3 principle stresses 
σa local stress amplitude 
σW local alternate fatigue strength 
σγφ normal stress in the critical plane 
t, t1,2    specimen thickness 
Ta nominal shear stress amplitude 
TV scatter index based on the stress amplitude 
W local shear stress 
Wa local shear stress amplitude 
WW local alternate shear fatigue strength 
Wγφ shear stresses in the critical plane 
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2. Specimens and Experimental Investigation 
Three different kinds of specimens were tested under fatigue loading with constant amplitude. The main 
differences between those specimens were the size, the shape, and the manufacturing process resulting in different 
geometry, surface treatment and the fiber orientation distribution. In Fig. 1 a-c the different specimens are shown: 
Plain injection molded specimens with a rectangular cross section (“rulers”), plain specimens with smaller 
dimensions milled out of 80x80xt plates (“mini-rulers”) and tubular injection-molded specimens (“tubes”). The 
relative humidity of the material PA66-GF35 could be described as dry as molded at the beginning of the fatigue 
experiment. The testing facility did not control the moisture or the temperature. The load ratio for all experiments 
was R=-1 and all tests were conducted at room temperature. To avoid buckling an anti-buckling device was used for 
the ruler-type specimens. The tests were carried out by De Monte et. al. [2,3,4] at testing facilities at Bosch and at 
Fraunhofer LBF in Darmstadt. 
The rulers have larger dimensions compared to the mini-rulers. Their shape is shown in Fig. 1 a). Moreover the 
longitudinally injected specimens showed a higher degree of anisotropy caused by a longer melt flow path. For the 
transversally injected specimens the melt flow path was shorter. 
This type of specimen was milled out of injection-molded plates (80mm x 80mm x t) in three different angles, see 
Fig. 1 b). An Angle of the nominal fiber orientation FO=0° is equal to a longitudinal fiber alignment and FO=90° to 
a perpendicular fiber orientation. Two different plate thicknesses were considered (t1=1mm, t2=3mm). Injection 
molded planar specimen exhibit different fiber orientation in the vicinity of the surface compared to the core area. 
This so-called skin-core effect depends on the melt flow conditions in the cross-section area of the specimens and, as 
such, is also influenced by the thickness. The skin layer shows a high degree of fiber alignment in flow direction and 
in the core layer the fibers are predominantly aligned in perpendicular direction [5]. For thinner plates it can be 
recognized that the core layer is not as pronounced as for thicker plates. The mild notch at the specimen presents the 
position of failure. In the plate this position was different for each direction. Therefore the fiber orientation might 
differ as well. For a better comparability further fatigue tests with a modified specimen shape are ongoing. 
For experimental investigation concerning multiaxiality a different kind of shape was developed. In order to apply 
tension and torsion loading a tubular shape was chosen. The fiber orientation could mainly be described as 
longitudinal and the specimen thickness was about 3mm.  
 
 
 
 
Fig. 1 Specimen geometries: ruler a), mini-ruler b), tubes c) [2] 
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2.1. Rulers 
The S-N curves (Wöhler curves) of tension loaded rulers are presented in Fig. 2.The fatigue strength of the 
longitudinally injected specimens is higher than the fatigue strength of the transversal injected specimens. The 
slopes are about the same. The scatter is higher for the transversally injected ruler than for the longitudinally 
injected ruler. 
 
 
Fig. 2 S-N curves for longitudinally and transversally injected rulers [2] 
2.2. Mini-rulers 
The fatigue strength of the tension-loaded mini-rulers is shown in S-N curves in Fig. 3. In Fig. 3 a) the fatigue 
strength of the specimen with thickness 1mm and in Fig. 3 b) the specimen with thickness 3mm are presented. 
Dependencies of the fiber orientation can be observed for the thinner specimen. The fatigue strength rises with a 
higher degree of fiber alignment in flow direction whereas the slopes remain nearly unchanged. The thicker 
specimens do not present a high dependency of the fiber orientation due to the higher pronounced core layer. 
Moreover the scatter is smaller for longitudinal than for transversally milled thin specimens. The thicker specimens 
show a mainly higher scatter but no distinct difference between the different directions. 
  
Fig. 3 S-N curves of mini-rulers with different nominal fiber orientations  
a) t1=1mm b) t2=3mm [3] 
2.3. Tubes 
Four different loading settings can be distinguished. Experiments with tension, torsion and two combined in 
phase loadings were conducted. The biaxiality ratios (1) of the combined loadings were λ=1 and λ= 1/3 and load 
was applied in phase. In this case the fatigue strength is visualized in a multiaxial fatigue plot instead of S-N curves 
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in Fig. 4. The fatigue strength for tension loading is higher for shear than for axial loading and it decreases if both 
loads are applied together. Remarkable is the ratio of the tension to the torsion fatigue strength, which is higher than 
two. The scatter is in the same range as for the rulers. 
  
 
 
                                                               (1) 
 
Fig. 4 Multiaxial fatigue diagram for four loading conditions applied on tubular specimens [4] 
3. Simulation Chain and Anisotropic Structural Simulations 
The simulation chain starts with the injection molding simulation, which is carried out using the commercial 
software Moldflow® [6]. Result is the fiber orientation tensor, which is stored at each integration point of the mold 
flow simulation. The integration points of the structural simulation are located at positions different from the process 
simulation. Therefore a mapping from process simulation mesh to structural analysis mesh is necessary which is 
performed by the software Digimat® [7]. Additionally the elasticity tensor is calculated referring to the local fiber 
orientation, as well as the percentage by weight of glass fibers and the aspect ratio. Young’s modulus, density and 
Poisson’s ratio of the glass fibers and the matrix material is shown in Tab. 1. A mean aspect ratio of about 27 was 
chosen. Finally an orthotropic material model is created and used by the finite element software Abaqus® [8]. 
Tab. 1 Material properties [2] 
Material Young’s modulus 
E/ MPa 
Poisson’s ratio  
ν 
Density  
ρ/ (g/cm³) 
Matrix (PA66) 3100 0.40 1.16 
Glass fibers 72000 0.22 2.54 
The fiber orientation distribution over the thickness (skin-core effect) affects the stress distribution. This effect is 
exemplarily shown for the Mini-Ruler-Specimens with different nominal fiber orientations in Fig. 5, where the 
maximum principle stress is printed as a contour plot. The highest stress value occur at the surface layer for 
longitudinal and at the core layer for transversal fiber orientation. At FO=30°, for the stress distribution a sharp peak 
value at the center of the core layer is observed. 
a
a
S
T O
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Fig. 5 Anisotropic FEA for mini-ruler under tension loading and different nominal fiber orientations: 
 a) FO=0° b) FO=30° c) FO=90° 
The stress concentration factors Kt based on the maximum principle stress for the anisotropic FEA are presented 
in Tab. 2. Remarkably, in contrast to the isotropic case, the stress concentration factor for torsion loading is higher 
than for tension loading. 
 
Tab. 2 Stress concentration factors Kt based on anisotropic FEA concerning the maximum principle stress 
Specimens 
 
mini-rulers 
rulers 
tubes 
t1 = 1mm t2= 3mm Tension λ = 1/3 λ = 1 Torsion 
Stress 
concentration 
factor Kt 
 
FO = 0° 1.45 1.50 1.27 1.28 1.66 2.69 1.69 
FO = 30° 1.48 1.88 - - - - - 
FO = 90° 1.37 1.39 1.46 - - - - 
4. Multiaxiality  
Different multiaxiality criteria will be introduced and discussed in this chapter. The lifetime estimation is based 
on isotropic and on anisotropic finite element simulations. The assessment of these criteria will be done using the 
tubular multiaxiality specimens. The fatigue strength is calculated using longitudinally injected specimens (FO=0°).  
4.1. Equivalent stress 
The first class of multiaxiality criterions is formulated as equivalent stresses. The approaches used are presented 
in Tab. 3 and are compared with respect to the lifetime estimation, assuming that the highest local equivalent stress 
is defined as critical.  
a) FO=0° c) FO=90°b) FO=30°
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Tab. 3 Equivalent stresses 
Equivalent stress Amplitude 
Max_P ሺߪଵǢ ߪଶǢ ߪଷሻ 
Mises ටߪ௫ଶ ൅ ߪ௬ଶ ൅ ߪ௭ଶ െ ߪ௫ ή ߪ௬ െ ߪ௫ ή ߪ௭ െ ߪ௬ ή ߪ௭ ൅ ͵ ή ሺ߬௫௬ଶ ൅ ߬௫௭ଶ ൅ ߬௬௭ଶሻ 
Tresca ሺȁߪଵ െ ߪଶȁǢ ȁߪଶ െ ߪଷȁǢ ȁߪଷ െ ߪଵȁሻ 
The results of the lifetime estimation are compared with experimental results. Calculated and experimental 
numbers of cycles to failure are plotted in a double logarithmic diagram, where two dotted lines are used to indicate 
a factor of two. In Fig. 6 results based on isotropic FEA are compared with results based on an anisotropic FEA 
using the simulation chain for different loading conditions on the tubular specimen 
   
Fig. 6 Lifetime estimation for tubular specimens based on isotropic and anisotropic FEA using equivalent stresses:  
a) Maximum principle stress b) Mises stress c) Shear stress defined by Tresca 
For tension loading the equivalent stress approaches provide satisfactory representations of the experimental data. 
This is due to the fact that the fatigue strength was also characterized for tension loading with a similar fiber 
orientation distribution. All observed approaches are significantly biased to the non conservative region. This effect 
is more pronounced for the lifetime estimation based on isotropic FEA. The criterion according to maximum 
principle stress shows the largest deviation for torsion loading. As a whole, the best correlation between 
experimental results is obtained with the equivalent stress definition by Tresca based on anisotropic FEA. The 
fatigue data on the tubular specimen suggest more ductile than brittle material behavior, but we have to bear in mind 
that two of the four loading conditions are shear dominated (pure torsion and tension-torsion with λ = 1). 
4.2. Gough-Pollard ellipse 
The Gough-Pollard ellipse [9] is based on the multiaxial diagram presented before and represents an empirical 
approach. Originally the ellipse correlates the multiaxial behavior of the fatigue limit of ductile metal specimens 
under bending and torsion loading [9]. In contrast to the other multiaxiality criteria discussed in this chapter nominal 
stresses are used for the Gough-Pollard ellipse mainly. The results are shown in Fig. 7.  
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Fig. 7 Lifetime estimation for tubular specimens regarding the Gough-Pollard ellipses approach 
In the regime of N=1.E6 cycles to failure this approach captures the multiaxial fatigue behavior. For less and for 
more cycles to failure the mismatch increases. Another problem is how to define a nominal stress on a component. 
Therefore this approach will not be considered any further. 
4.3. Critical plane 
In this concept planes will be set up in every integration point with different angles. Two shear stresses and one 
normal stress can be observed in and on each plane, Fig. 8. The normal stress amplitude and the shear stress 
amplitude are defined in (3), (4). In dependence of the angles the stress tensor will be transformed by rotation into 
different normal and shear stresses in the critical plane. For this transformation equations by Socie [11] are used. 
Two angles γ, φ are needed to capture every possible direction. Due to symmetry conditions these angles are varied 
between 0° to 180°. An increment of 5° is chosen. 
 
 
Fig. 8 Critical plane concept [10] 
ɐୟ ൌ ߪఊఝ                    (3) 
߬௔ ൌ ߬ఊఝ ൌ ඥ߬ఊఝǡఊଶ ൅ ߬ఊఝǡఝଶ                  (4) 
An equivalent stress is defined by the shear and by the normal stress components of the plane (3), (4). The 
highest value of this equivalent stress will define the critical plane. The definition of equivalent stresses as applied in 
this contribution is illustrated in Tab. 4. The SH approach is just a slightly modified Mises stress for a plane stress 
state. The results of the lifetime estimation are shown in Fig. 9. 
156   Andreas Wilmes and Kurt Hornberger /  Procedia Engineering  133 ( 2015 )  148 – 160 
Tab. 4 Equivalent stress definitions in the critical plane 
Equivalent stress in the 
critical plane (CP) 
N NH SH S 
Amplitude ߪ௔ ఙೌଶ ൅ ට
ఙೌమ
ସ ൅ ߬௔ଶ  ඥߪ௔ଶ ൅ Ͷ ή ߬௔ଶ  ߬௔  
 
   
Fig. 9 Lifetime estimation for tubular specimens using the critical plane concept  
a) Normal stress   b) Combination of normal and shear stresses   c) Shear stress 
For tension loading and for tension dominated loading (λ=1/3) the different critical plane approaches do not show 
significantly different results. But for torsion loading a difference can be recognized and the usage of the shear stress 
approach leads to the best results. This result is in accordance with the best fit using the equivalent stress by Tresca. 
Hence, there is no reason to use the critical plane approach at all, because this formulation is just a different 
numerical solution to calculate the equivalent stress by Tresca. 
5. Fiber Orientation 
In the lifetime estimation shown in Chapter 4 the fiber orientation only influenced the stress computation using 
anisotropic FEA. In Fig. 10 it is shown, that the fiber orientation also influences the fatigue strength. The lifetime 
estimation is based on the equivalent stress by Tresca for the mini-ruler-specimens with three different nominal fiber 
orientation angles and two different thicknesses.  
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Fig. 10 Lifetime estimation for Mini-Ruler-Specimens with different thicknesses and nominal fiber orientations using Tresca stress in anisotropic 
FEA a) t1=1mm b) t2=3mm 
The influence of fiber orientation and the skin-core effect are not captured. Moreover the lifetime estimation 
represents a strongly non conservative solution for the specimens with t1=1mm thickness. The thicker specimens are 
estimated more precisely, because the degree of anisotropy is less pronounced. Due to these results in a first attempt 
a local fiber orientation criteria is introduced. Similar approaches were carried out by HBM nCode® using their 
fiber share definition [12] or FEMFAT® [13]. Digimat® also presented a formulation called alignment index [7], 
which describes the orientation of the fibers in relation to the local stress state. 
Here, a new parameter, called fiber share (fs), is introduced to capture the local fiber orientation criterion which 
is based on the multiaxiality criteria in combination with anisotropic FEA. The fiber share will be used for inter-
/extrapolation between the local fatigue strength obtained from experiments and FEA postprocessing. The definition 
of the fiber share is mainly based on normalized scalar products of the stress and fiber orientation tensor. The 
calculation process is shown in Fig. 11.  
 
 
Fig. 11 Fiber share calculation method and definition 
Starting with the stress tensor and the fiber orientation tensor in the global coordinate system, in a second step 
both, the stress tensor and the fiber orientation tensor are rotated into their individual eigensystems and the 
corresponding eigenvalues and eigenvectors are calculated. Thus, by construction, the fiber share parameter is 
invariant with respect to the coordinate system chosen. Then the eigenvectors are multiplied with their eigenvalues, 
so that the vectors obtained are normalized to the length of the eigenvalues. Afterwards all nine combinations of 
scalar products between these two sets of 3 vectors are calculated to get the accumulated shared length. Step 3 
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shows a simplified 2D example in Fig.11. Finally in the fourth step this shared length needs to be divided by the 
sum of the eigenvalues of the stress tensor in order to be independent of the load level and in order to represent a 
normalized parameter, corresponding to 0 for fully transversal and to 1 for fully aligned fiber configurations. 
The functional relationship between the fiber share value and the strength parameter, called reduction factor, is 
shown in Fig. 12 a). The reduction factor is a normalized strength parameter at N=1.0E6 cycles to failure. The 
extrapolated value for completely aligned fibers is defined as one. Therefore the S-N curve would not be adapted. 
Both, the characterization database for the fatigue strength and the subsequently calculated examples are reduced 
due to this relationship. The relative difference between these reduction factors influences the fatigue lifetime 
estimation in the end. The extra-/interpolation method is logarithmic to guarantee that the reduction factor is 
between zero and one. Even for fully transversally oriented fibers, where the fiber share value is equal to zero, the 
material has to show some finite strength. 
In order to characterize the fatigue strength this reduction factor has to be considered. Therefore an iteration loop 
has to be included, because the local critical position might differ from the location of the highest equivalent stress 
value due to the skin-core effect. The influence of the degree of fiber alignment is shown in Fig. 12 b), where the 
equivalent stress, the fiber share value and the reduction factor are plotted across the thickness for the longitudinally 
injected ruler-specimen. Here the critical position coincides with the location of maximum Tresca stress but in 
general the reduction factor and the maximum equivalent stress are two separate concurring parameters. 
 
 
Fig. 12 a) Fiber share relation based on the Tresca stress and the longitudinal and transversally injected ruler 
 b) Fiber share, reduction factor and the Tresca stress along the thickness at the notch root 
In this case the longitudinal and transversal injected ruler-specimens are used to estimate the influence of the 
fiber orientation on the fatigue strength. As the multiaxiality criteria an equivalent stress by Tresca was chosen. The 
results of the lifetime estimation of the mini-ruler-specimens with two different thicknesses and three different 
nominal fiber orientations are illustrated in Fig. 13. 
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Fig. 13 Lifetime estimation for the mini-ruler-specimens with two different thicknesses and fiber orientations  
based on the Tresca stress combined with an anisotropic FEA and the fiber share approach 
The lifetime calculated delivers a more conservative solution compared to Fig. 10. The skin-core effect is not 
completely captured. But concerning this approach leads to results, which are about one decade closer to the 
experimental results for the thinner mini-ruler-specimens. The lifetime estimation of the thicker mini-ruler-
specimens is now shifted almost entirely to the conservative region, with slight loss of accuracy. All in all this is a 
first approach to capture the influence of the fiber orientation distribution and the influence of the skin-core effect. 
Finally the tubular specimens are calculated using the fiber share approach. The results are shown in Fig. 14 b), 
where fiber share values and reduction factors from Fig. 14 a) were employed. 
 
  
Fig. 14 a) Fiber Share relation and the calculated fiber share values for the tubular specimens under different loading conditions  
b) Lifetime estimation for the tubular specimens using the Tresca stress combined with an anisotropic FEA and the Fiber Share approach 
The fiber share depends on the loading conditions. For combined loading with a biaxiality ratio λ=1/3 the fiber 
share value is greater than for the longitudinal injected ruler under tension loading. Therefore a higher local strength 
is predicted, which leads to higher estimated lifetimes than in calculation without the fiber share approach. For the 
other three loading conditions, fiber share values are lower. This leads to lower local fatigue strengths and to 
reduced estimated cycles to failure and, therefore to more conservative estimations. The highest mismatch occurs for 
tension with a factor of about thirteen on the lifetime. All other load cases show a deviation of less than a factor of 
two in lifetime.  
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6. Summary and Conclusions 
Different lifetime estimation methods for short fiber-reinforced thermoplastics were discussed using fatigue 
experiments of three different kinds of specimens with different shape, loading, surface treatment and fiber 
orientation. The benefit of anisotropic FEA was presented. The equivalent stress by Tresca gave the best results 
concerning the multiaxiality criteria. Moreover the fiber share approach to capture the influence of fiber orientation 
and the skin-core effect was developed. A combination of the fiber share approach and Tresca equivalent stress 
shows improved results to estimate fatigue lifetime.  
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